SiV centers, nanodiamonds, diamond growth Ultra-small, low-strain, artificially produced diamonds with an internal, active color center have substantial potential for quantum information processing and biomedical applications. Thus, it is of great importance to be able to artificially produce such diamonds. Here, we report on the highpressure, high-temperature synthesis of such nanodiamonds about 10 nm in size and containing an optically active, single silicon-vacancy color center. Using special sample preparation technique, we were able to prepare samples containing single nanodiamonds on the surface. By correlating atomic-force microscope images and confocal optical images we verified presents of optically active color centers in single nanocrystals, and using second-order correlation measurements proved single-photon emission statistics of this nanodiamonds. This color centers have nonblinking, spectrally narrow emission with narrow distribution of spectral width and positions of zero-phonon line thus proving high quality of the nanodiamonds produced.
4 counts/s, despite their short lifetime of 1.2 ns. In the case of nanodiamonds or shallow implanted color centers, the luminescence of SiV centers may be quenched by the presence of strain 32 or other impurities, 33 thus underscoring the need for high-purity diamonds. Recently, implanted SiV in pure diamond films has shown reasonable count rates on the order of 200 kc/s, comparable with other color centers in diamond. 34 Similar results were obtained in as-grown SiV center in bulk plates. 35 Unfortunately, even in these bright SiV centers, the radiative quantum yield of SiV color centers at room temperature was still relatively low. For example, in recent experiments for SiV centers in CVD films, the radiative quantum yield was found to be only 0.05 due to the presence of decay via optical phonons, 36 which make it difficult to use directly in quantum information application and requires strong enhancement overcoming low radiative yield. 37 An important parameter that largely defines the application of the color center in diamond is the size of the crystal. Applications as biosensing and bioimaging require molecular-size resolution 5 that powerfully constrains nanodiamond size. Furthermore, quantum information applications can benefit a lot from ultra-small diamonds with a single SiV center inside. Here, the small size helps prevent scattering of light on the nanodiamond containing the SiV center and suppresses the phonons that cause decoherence. Ultra-small nanodiamonds containing SiV centers were successfully found in meteorite nanodiamonds of ultra-small (below 5 nm) size. 38 Chemical vapor deposition demonstrated possibility of creation of sub 10 nm nanodiamond, containing SiV color centers, but exhibiting some agglomeration 39 . Just recently considerable advance was reached by combining chemical vapor deposition with oxygen etching. 40 The method enabled production of sub 10-nm diamonds, contacting around 3 color centers per nanocrystal with 6.4 nm ZPL. In this paper, we demonstrate the growing of ultra-small (about 10 nm) nanodiamonds containing a single or a few bright SiV color centers with spectrally narrow ZPL line (down to 4.6 nm for single color center and on average 5.9 nm per crystal) using the high-pressure, high-temperature method (HPHT).
The SiV center consists of a silicon atom and a lattice vacancy. The silicon atom, which substitutes a carbon atom, relaxes its lattice position towards two neighboring vacancy. This composition existed along [111] 41 crystallographic axis in diamond (see Figure 1a ). The defect is negatively charged and belongs to the 3d D group of symmetry. Studied nanodiamonds with SiV color centers were synthesized by a metal-free HPHT method on the basis of a hydrocarbon-containing growth system. 42, 43, 44 Naphthalene products, which can reach 50% of the total yield. In this case, taking into account the radial temperature gradient in the reaction zone of the high-pressure apparatus caused with the use of a cylindrical electrical resistivity graphite heater, the maximum content of an ultra-small sized diamond fraction is observed in the middle of the reaction zone (see Figure 2a ). The maximum temperature reaches in the zone of contact of the material with the walls of a graphite heater, therefore this area is characterized by a high content of monocrystals with submicron and micronsize fractions. Resolution TEM image of the single nanodiamond (see Figure 2d ) and histogram of the size distribution calculated from this are presented in Figure 2b . The ultra-small nanodiamonds fraction was retained in the aqueous dispersion after centrifugation. One of the interesting features of ultra-small nanodiamonds is their ability to form aggregates. The use of water as a basis for nanodiamond slurry is known to lead to aggregation during the seeding procedure 46 . To avoid this, we used a vacuum evaporation seeding method 47 (detailed in the Supplementary Information), which allowed us prevent aggregation during evaporation and observe SiV centers in single nanodiamonds of ultra-small sizes.
To get insight into the size of the seeded aggregates containing optically active color centers we used pre-printed gold features on the glass coverslips under investigation (see Figure 3 ). This allowed us to correlate images taken with a confocal microscope (see Figure 3a ) and with an Atomic Force Microscope (AFM) (see Figure 3b , see 48 for more details). The AFM images were taken using an NTEGRA Spectra-M setup with silicon cantilever (NT-MDT HA_NC) operated in taping mode. In total, 3 AFM maps 10×10 µm 2 (256x256 points scan with lateral resolution about 40 nm and resolution in the normal direction to the scanned surface was 0.1 nm) were correlated with confocal maps. The measured sizes of the nanodiamond having color centers are presented in Figure 3c ,d. From this measurement, it was verified that the distribution of nanodiamonds containing the SiV color centers (see Figure 3c ) has median 9.3±2.5 nm, which is very similar to the distribution of the nanodiamond sizes themselves (see Figure 2b ), whose median is 7.5±5 nm.
Besides, the probability to find at least one SiV center in single nanodiamond is about 0.5% (see Supplementary Information for more details). Thus, color centers were observed in single nanodiamonds or just few nanodiamonds per aggregate. The optical properties of the nanodiamonds were studied using a home-built, confocal microscope with an immersion oil objective of NA 1.49. For the excitation source, we used a 532 nm diode laser (see Supplementary Information for details) . The relative brightness of the nanocrystals most likely is related to the number of color centers per nanocrystal. To prove that we could grow nanocrystals containing a single color center with this method, we performed second-order 10 correlation function 2 () g  measurements (see Figure 4a ). The depth of 2 (0) g characterizes the number of emitters detected, while the width of 2 () g  is limited by the color center's excited state lifetime and can only decrease as excitation power increases. 49 For nanocrystals, we measured the lifetime of 1.41 ns (see Figure S1b and S1c), while the time resolution of a pair of our detectors was measured as 672 ps (see inset in Figure 4a) . Therefore, the time resolution of the detecting system considerably limits the possible depth of 2 () g  at 0 time delay  . 49 To correct for this distortion, we performed a deconvolution procedure (see Figure 4a and Supplementary Information for more details). After deconvolution, we obtained the achieved 2 (0) g value, 0.41, which resulted to be below the threshold of 0.5 for two equally bright color centers.
Color center brightness depends strongly on the efficiency of excitation reaching maximum value at saturation of the center. The absorption maximum for a SiV color center is at ZPL, making it relatively hard to reach experimentally complete saturation of the center emission with green excitation. 31 Nevertheless, information on saturation counts could be extracted from analysis of the saturation curve (Figure 4b) . To analyze the saturation curve, we used the standard model for fitting: HPHT nanodiamonds, 51 as grown in bulk diamond plate 35 and ion implantation followed by annealing. 34 Remarkably, this high count rate is accompanied by rather stable emission, depicted in Figure 4c .
In addition, we performed detailed spectral studies for various nanodiamonds ranging from nanocrystals containing a single SiV to nanocrystals or aggregates containing ensembles with approximately 10 SiV centers. The approximate number of color centers was estimated as ration of saturation count to the single color center average number of counts in saturation. Figure 4d shows the typical spectrum of SiV centers in synthesized nanodiamonds. We measured a total of 24 spectrums for SiV centers, contained in nanocrystal found from correlated confocal and AFM maps. Besides spectrum of extra 11 nanocrystals was recorded, for which correlation measurement were not performed. Each spectrum was fitted with the sum of 3 Lorentzian functions. One of the Lorenzians approximated ZPL and the rest, phonon sideband. We found that the ZPL position has a narrow distribution around 738.06 nm, with a standard deviation of 0.27 nm ( Figure 5a ). This narrow distribution indicates the low level of strain in our nanodiamond, because ZPL line position in the general depends on the strain. 52 We note that the spread of the ZPL line position for SiV centers grown by other methods is considerably higher, as previously indicated:
in the case of CVD nanodiamond synthesis 53 it is about 1.5 nm. For HPHT nanodiamonds grown with other conditions ZPL line position is 737 ± 10 nm. 51 For ultra-small nanodiamonds found in natural meteorite, ZPL position was found to be 735.7 with variations of ±5 nm. 38 At the same time, the width of ZPL line at room temperature has a mean of 5.9 nm with a standard deviation of 0.8 nm (Figure 5b ). This is a rather standard value determined mostly by the strong coupling of excited levels of SiV color centers via the phonons in diamond. 54 This mixing is obviously temperature depended 55 and thus should only be compared at known temperature. Using the Raman shift measurements for diamond material right after growing and the ZPL line position statistics, we assessed the strain level in produced nanodiamonds less than 0.6 GPa (see Supplementary Information for details). 
Conclusions

